ABSTRACT
I
N recent years, attempts to understand innate host defense mechanisms have provided a specific focus for the reduction of surgical site infection (SSI) and associated sepsis, which extend beyond antimicrobial therapy. 1 Manipulating, or even failing to control, factors such as temperature, oxygen, and glucose, among others, have been shown to significantly influence the development of SSI and sepsis after surgery, despite the appropriate use of prophylactic antibiotics. [2] [3] [4] [5] Although the importance of prevention of hypothermia is clear-cut at both the clinical and cellular levels, 3, 6 the potential benefit from oxygen supplementation is not as plain. In addition to previous data, [7] [8] [9] a meta-analysis published earlier in the year combining trials that investigated the novel use of high inspired oxygen concentrations in an attempt to minimize SSI showed an overall significant benefit from the treatment. 10 The result was based on five trials conducted in the last decade. Within the cohort of included studies, four showed a distinct advantage in delivering high inspired oxygen concentrations. [11] [12] [13] [14] However, the remaining study not only failed to demonstrate the potential benefit but also suggested a higher rate of SSI in patients randomized to receive high inspired oxygen. 15 That trial became the subject of intense scrutiny and criticism and is widely referenced in today's literature.
Since the publication of our meta-analysis, three further trials have emerged. A prospectively conducted randomized controlled trial in obstetric patients failed to demonstrate any benefit from providing high inspired oxygen concentrations, 16 whereas another trial, which was a retrospective review of patients who had undergone spinal surgery, clearly reproduced the benefit described previously. 17 Most recently, a Danish multicenter randomized controlled trial failed to reduce the risk of SSIs in patients undergoing abdominal surgery. 18 With conflicting clinical results, it was unknown whether supplemented oxygen was truly being delivered to tissue. With the exception of one trial, effective modalities for the measurement of tissue oxygen levels were not used, and the efficacy of delivering high inspired oxygen concentrations was not verified. Furthermore, the underlying mechanisms by which oxygen would act were not elucidated fully. Therefore, we sought to investigate the effect of high oxygen concentrations (hyperoxia) on four well-recognized, previously tested, and prognostically significant innate immune parameters. Using in vitro oxygen concentrations similar to applied oxygen concentrations from previous clinical trials, we investigated the effect of hyperoxia on monocyte antigen presentation via surface human leukocyte antigen (HLA)-DR receptor expression, cytokine production, neutrophil phagocytosis, and the formation of reactive oxygen species (ROS), using a consistent and reproducible in vitro whole blood model. Although the chosen oxygen concentrations were higher than what would be expected at the wound and best mimic alveolar oxygen concentrations, we believe that our chosen concentrations may provide support for a novel mechanism by which a proximal increase in oxygen tension in the circulation "primes" innate immune cells before their arrival at the surgical site.
Materials and Methods

Whole Blood Sampling and Volunteer Screening
After approval by the University of Louisville Institutional Review Board (approval number HSPPO 08.0018, Louisville, Kentucky) and written informed consent, up to 15 ml venous blood samples were collected from a convenience sample of healthy male or female (18-to 42-yr-old volunteers). From our previous studies, it seemed that 13 volunteers were sufficient to detect large differences in HLA-DR surface expression. 3 Therefore, we ensured a total pool of 15 volunteers for these experiments.
Volunteer body mass indices were all within normal limits (18 -25 kg/m 2 ). Exclusion criteria included any history of immunosuppressive disorders, diabetes mellitus, chronic medication, or pregnancy. All volunteers fasted for a minimum of 6 h before venipuncture, and blood glucose concentrations were determined using a Glucometer Elite (Bayer Corporation, Elkhart, IN). Subjects with fasting blood glucose concentrations less than 90 mg/dl or exceeding 110 mg/dl were excluded.
HLA-DR Receptor Expression
Sample Preparation. Blood was collected in EDTA Vacutainers (Becton-Dickinson and Co., Franklin Lakes, NJ). Samples were supplemented with 200 mM L-glutamine at a concentration of 10 l/ml of whole blood for incubation periods greater than 1 h (Sigma Chemical Co., St. Louis, MO). Aliquots of whole blood (1 ml) were subsequently transferred into 5-ml Falcon polypropylene culture tubes (VWR, Westchester, PA). A lipopolysaccharide (Sigma-Aldrich, St. Louis, MO) concentration of 1 ng/ml, 3 as confirmed by our pilot experiments, provided the endotoxin challenge immediately before incubation. Experimental Design. Corresponding lipopolysaccharidetreated samples with normal fasting glucose concentrations (Ͻ120 mg/dl) were incubated in the clinically applicable oxygen concentrations of 21% (room air) and 80%, with 5% CO 2 at 37°C, using an air-tight sealed plastic chamber. The chamber was modified by creating two lateral pin-sized holes, which permitted the insertion of tubing through the sides of the chamber. Entry and exit ports were sealed with silicone to maintain oxygenation. Entry tubing was connected to the 80% O 2 source, whereas exit tubing provided an escape route to prevent gas-pressure buildup ( fig. 1 ). Flow Fig. 1 . This photograph demonstrates the experimental setup used. The two pin-sized holes that accommodate the tubing through the sides of the chamber are shown. The holes were sealed with silicone to maintain oxygenation once the cover is applied. Entry tubing was connected to an oxygen source, whereas exit tubing provided an escape route to prevent gas-pressure buildup. LPS ϭ lipopolysaccharide; WB ϭ whole blood.
rates were maintained at a constant rate between all experiments. A premixed oxygen source containing 80% O 2 , 5% CO 2 gas, and 15% N 2 gas was used to provide the hyperoxic medium. Once the tubing was connected to the 80% O 2 cylinder, an adequate seal within the oxygenation chamber was confirmed via the exit tubing (bubbles in water). Room air incubation was used for the standard normoxic concentration (21%), with 5% CO 2 gas infused through the incubator.
To determine monocyte HLA-DR surface expression, samples were incubated for 2 h, as determined by early pilot experiments. Aliquots of cultured samples (50 l) from the HLA-DR assay were stained immediately before incubation (time 0) and after incubation and were then subsequently analyzed to determine baseline and final monocyte HLA-DR expression, respectively. Throughout incubation, gentle vortex was applied at 45-min intervals to ensure cellular homogeneity and even exposure to environmental variables.
Monocyte CD 14
؉ /HLA-DR Staining and Extraction. Whole blood samples (50 l) were stained with fluorescein isothiocyanate-labeled antihuman CD14
؉ and phycoerythrin-labeled anti-HLA-DR antibodies (BD Biosciences, La Jolla, CA) to determine monocyte HLA-DR expression. Staining was carried out for 25 min in the culture environment to prevent down-or up-regulation of HLA-DR before quantitative binding. Appropriately matched isotype controls were used to determine nonspecific binding thresholds. Manufacturer instructions were precisely followed.
After staining, erythrocyte lysis was carried out for 6 min using ice-cold ammonium chloride, potassium bicarbonate, and EDTA (Sigma Chemical Co.) solution. Monocytes were pelleted by centrifugation, washed with 1 ml Dulbecco phosphate-buffered saline (PBS; Sigma Chemical Co.), and fixed in 250 l of 1% paraformaldehyde solution (Polyscience Inc., Warrington, PA).
Flow Cytometric Analysis. Monocyte CD14
؉ and HLA-DR surface expression were analyzed within 4 h of cell culture using a FACSCalibur flow cytometer (Becton-Dickinson and Co.). A total of 20,000 events were acquired. HLA-DR mean channel fluorescence (MCF) was analyzed in CD14 ؉ monocytes using Cell Quest software (BectonDickinson and Co.).
Cytokine Assays
Sample Preparation and Experimental Design. Experiments were conducted to provide a time course analysis of cytokine release after endotoxin challenge. Samples were incubated for intervals of 30, 60, 120, and 240 min at 21 and 80% O 2 concentrations. Time intervals were selected to allow characterization of cytokine trends, as determined by early pilot experiments. After incubation, whole blood samples were centrifuged at 3,000 revolutions per minute for 12 min after incubation to obtain an acellular supernatant, which was stored at Ϫ81°C for subsequent analysis. Cytokine Determinations. Plasma tumor necrosis factor (TNF)-␣ and interleukin-10 concentrations were quantified using commercially available enzyme-linked immunosorbent assay kits (e-Biosciences, San Diego, CA). All enzymelinked immunosorbent assays were carried out in 96-well plates according to the manufacturer's instructions. Samples were assayed in duplicate, with either recombinant human TNF-␣ or interleukin-10, to generate a standard curve. Enzyme activity was measured at a wavelength of 450 nm on a SpectraMax Plus384 spectrophotometer, and data were generated using Softmax Pro software (Molecular Devices, Sunnyvale, CA) and expressed in picograms per milliliter. The lower limits of detection for TNF-␣ and interleukin-10 were 4 and 2 pg/ml, respectively.
Phagocytosis Assays
Sample Preparation. Venous blood samples were collected in sodium heparin BD Vacutainers (Becton-Dickinson and Co.). Lipopolysaccharide (1 ng/ml) was supplemented, and 2 ml whole blood aliquots were preincubated for 15 min at the desired oxygen concentrations before the commencement of quantification of phagocytosis. Preparation and Opsonization of Fluorescein Isothiocyanate-labeled E. coli. A stock solution of fluorescein isothiocyanate-labeled Escherichia coli (Molecular Probes, Eugene, OR) was prepared by diluting 5 mg lyophilized fluorescein isothiocyanate-labeled E. coli with Hanks Balanced Salt Solution for a final concentration of 1 mg/ml, where 1 mg of bacteria comprised 3 ϫ 10 8 particles/mg. The bacteria were sonicated and stored at Ϫ81°C until required for use. When required, the labeled organisms were thawed and washed twice with PBS by centrifugation. To opsonize bacteria, a 10% pooled human serum solution was freshly prepared in PBS and was mixed with equal volumes of bacteria for a final opsonin concentration of 5%. The mixture was incubated for 25 min at 37°C, with 5% CO 2 , to allow for opsonization to occur. Excess opsonins were removed by washing bacteria twice with PBS and centrifugation, followed by resuspension to the original bacterial volume. Experimental Design. A final volume of 40 l/ml whole blood (40 g) of opsonized bacteria was quickly added to the preoxygenated aliquots. Samples were incubated at 21 and 80% O 2 concentrations. Sampling times of 2, 6, 12, 20, and 45 min were selected, which adequately characterized the hyperbolic nature of the phagocytic reaction in early pilot experiments and were sufficient to attain greater than 95% of cells contributing to phagocytosis within 45 min. At these times, 50 l samples were extracted with subsequent erythrocyte lysis, leukocyte pellet isolation, and fixation as described previously. Flow Cytometric Analysis. Before acquisition using a FACSCalibur flow cytometer (Becton-Dickinson and Co.), extracellular fluorescent bacteria were quenched using 75 l trypan blue reagent (Molecular Probes). A total of 20,000 events were acquired for each sample. Monocytes and neutrophils were gated according to the light scattering properties, and the proportion of fluorescent cells was recorded.
ROS Assays
Sample Preparation. Venous blood samples were collected in sodium heparin BD Vacutainers (Becton-Dickinson and Co.). Aliquots of whole blood (1 ml) were transferred into 5-ml Falcon polypropylene culture tubes. Optimal phorbol myristate acetate (PMA) (Sigma-Aldrich) concentrations of 100 ng/ml were used to provide the cellular stimulus before incubation, as shown in previous studies, 19 and by early pilot time-response and dose-response experiments. Working solutions of PMA were prepared by adding 5 l (5 g) of PMA to 0.5 ml of PBS. Ten microliters of the working solution were transferred into Falcon polypropylene culture tubes. Whole blood samples (940 l) were then transferred into the polypropylene culture tubes, which contained the added PMA to give a 100 ng/ml whole blood volume. Experimental Design. ROS were quantified using dihydrorhodamine 123 (Invitrogen, Carlsbad, CA). A 60 g/ml working solution of dihydrorhodamine 123 was prepared freshly by adding 8 l of stock dihydrorhodamine 123 to 1,312 l PBS to obtain a final volume of 3 g/ml of whole blood. Immediately after its preparation, 50 l dihydrorhodamine 123 working solution was added to the combined solution of whole blood and PMA. After the addition of dihydrorhodamine 123, culture tubes were promptly placed within the oxygen chambers to minimize environmental exposure and avoid early false-positive fluorescence and contamination. Samples were incubated for 30 min, as determined in early pilot experiments, at 37°C in 21 or 80% O 2 chambers. After 30 min of incubation, 50-l samples were extracted with subsequent erythrocyte lysis, leukocyte pellet isolation, fixation as described previously. Flow Cytometric Analysis. Samples were analyzed within 1 h of cell culture using a FACSCalibur flow cytometer (Becton-Dickinson and Co.). A total of 10,000 events were acquired. MCF (ROS quantity) was recorded in gated neutrophils using Cell Quest software (BectonDickinson and Co.).
Oxygen Partial Pressure Determination
In a separate pilot experiment, venous whole blood samples from four volunteers, who met the predetermined inclusion and exclusion criteria, were immediately incubated for 120 min at 37°C in 21 or 80% O 2 chambers. Blood sampling was carried out at 0-, 10-, 30-, 60-, and 120-min intervals to determine oxygen partial pressures. Single droplets were analyzed using an i-STAT blood gas analyzer (Abbott Laboratories, East Windsor, NJ).
Statistical Analysis
With two corresponding test groups (21 and 80% O 2 concentrations), paired t tests (two-tailed) were used to detect the significant differences in corresponding, same-subject, samples. Data were normally distributed and are presented as mean Ϯ SD. Statistical analyses were performed using Primer of Biostatistics (version 6.0, McGraw Hill, New York, NY). Significance was assigned at the 5% level.
Results
After 2 h of incubation at 21% O 2 (room air), the change in HLA-DR MCF in lipopolysaccharide-stimulated monocytes was 2,177 Ϯ 383. When corresponding samples (same subject) were incubated in 80% O 2 chambers, recorded MCF was 2,179 Ϯ 338 (P ϭ 0.96; data available on request). Figure 2 shows the effects of a wider range of oxygen concentrations on HLA-DR surface expression from early pilot experiments. There were no significant differences among 0, 21, 50, 80, and 95% O 2 concentrations in this model (P ϭ 0.75).
The initial increase in TNF-␣ concentration was similar between the two oxygen concentrations (fig. 3A) . However, at 120 min, TNF-␣ concentrations were statistically significantly lower for samples incubated at 80% O 2 when compared with 21% O 2 (P Ͻ 0.05), although probably not clinically significant. Specifically, mean changes between 60 and 120 min at 21 and 80% O 2 were ϩ26 and Ϫ3%, respectively, with a delay in reaching peak concentration at 21% O 2 (Ͼ120 min) when compared with 80% O 2 (Ͻ120 min).
The antiinflammatory cytokine response, assessed using interleukin-10 concentrations, demonstrated a similar trend between 21 and 80% O 2 concentrations, with an early increase in interleukin-10 concentrations (fig. 3B ). There were no significant differences in the early antiinflammatory response. Figure 4 depicts the hyperbolic response characteristic of neutrophil phagocytosis. Using the selected time periods, approximately 95% neutrophils had contributed to the process of E. coli phagocytosis, indicating an adequate experimental response. The process is characteristically hyperbolic as early ingestion proceeds at an exponential rate followed by a slower response as neutrophils become "saturated" with ingested organisms. Throughout the investigated time course, there were no differences detected in phagocytosis rates between 21 and 80% O 2 concentrations, represented by statistically similar K m 50 (time for 50% of neutrophils to contribute to phagocytosis) response rates, 3.564 and 2.997 s, respectively.
To provide a functional aspect to phagocytosis assays, ROS formation was measured and compared between 21 and 80% O 2 concentrations. Although these values do not specifically represent bacterial killing, they represent the amount of substrate available for the process and are thought to directly correlate with intracellular killing. 20 When samples were incubated at 80% O 2 when compared with 21% O 2 , there was an 87% up-regulation in ROS formation, which was quantitatively assessed using the arbitrary-valued MCF ( fig. 5) . Figure 6 represents measured oxygen partial pressures with the applied oxygen concentrations used in the in vitro experiments. When calculating oxygen partial pressures, values from the stable segments after equilibration (i.e., 30, 60, and 120 min) were used to calculate mean partial pressures. Samples were incubated for a total of 240 min and sampled at 30-, 60-, 120-, and 240-min intervals. Lipopolysaccharide was added at time 0. TNF-␣ levels between 21 and 80% oxygen at the 120-min interval are being compared for the P value shown. (B) The effect of 21 and 80% oxygen on anti-inflammatory cytokine production (interleukin [IL]-10) by 1 ng/ml lipopolysaccharide-stimulated monocytes is shown. Samples were incubated for a total of 240 min and sampled at 30-, 60-, 120-, and 240-min intervals. Lipopolysaccharide was added at time 0. There were no statistically significant differences in IL-10 production at any of the sampled intervals. 
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Oxygen partial pressures at 21 and 80% O 2 concentrations were 152 and 398 mmHg, respectively.
Discussion
The benefit from the use of high inspired oxygen concentrations to minimize SSI today poses a clinical conundrum. The hypothesis that oxidative killing of pathogens is the primary mechanism of defense against surgical pathogens would suggest that its use is feasible. 21, 22 Furthermore, oxygen partial pressures and wound tissue oxygen concentrations have been shown to correlate with oxidative killing and, thus, help to predict SSI rates. 20 Even without great increases in wound oxygen tensions, increasing systemic and pulmonary oxygen may beneficially influence inflammatory mediators and ROS formation for intracellular killing.
Several previous studies have shown potential benefit from providing high inspired oxygen concentrations to reduce SSIs, 10 without a significant increase in complications because of its use. [23] [24] [25] However, this beneficial effect was not universal, with some studies failing to reproduce the benefit. 15, 16, 18 Although several explanations were put forward to provide possible reasons for the negative trials, factors such as temperature, volume, and pain, which may indeed affect oxygen tensions, were not always adequately controlled in all trials, thereby contributing to variable tissue oxygenation. In addition, wound oxygen concentrations were not verified in several trials. Greif et al. did, however, document tissue oxygen levels. They noted that tissue oxygen levels were significantly less than arterial oxygen concentrations, but they demonstrated a statistically significant doubling in oxygen tension with 80% O 2 supplementation. Bearing in mind the differences in important factors such as temperature, intravascular volume, and pain, especially when combined with an absence of wound oxygen measurements in several trials, the true comparative potential of these clinical trials is, in reality, unknown. Identifying cellular mechanisms for the use of hyperoxia could help to clarify solutions to the clinical conflict because no effects were visible at the molecular level, then it would be unlikely that any true clinical effect would exist. The converse would also be true.
By using an unchanged and reproducible in vitro whole blood model, our results show several significant effects outside the wound among well-recognized immunologic parameters that may be directly attributed to the high oxygen concentrations provided. Specifically, oxygen significantly promoted the formation of reactive oxygen intermediates available for intracellular killing and resulted in an earlier peak and more rapid decrease in TNF-␣ levels.
ROS formation represents a functional assessment of the potency by which neutrophils and monocytes are able to destroy pathogens early after contamination. In essence, it provides a quantified estimate of the capacity of innate immune system to eliminate early infection potently before gross dissemination within the host. This small window for elimination of inevitable contamination has historically been coined the "decisive period," and its true importance has been well described. 26, 27 Our study showed a significant doubling of the quantity of oxygen intermediates with increasing blood oxygen concentrations, in keeping with, and thereby reverifying, previous findings by Allen et al. 21 Having said that, an important difference in our study is the use of significantly higher oxygen pressures, which would not have translated to an increase in ROS in the findings of Allen et al., thereby suggesting that the increase at the much higher oxygen pressures in our findings represent a higher overall K m 50 value. The functional aspect of the large increase in ROS formation is likely to be of utmost clinical significance, particularly in surgery, where several anesthetic drugs, including nitrous oxide, sevoflurane, and isoflurane, have been shown to impair the innate immune response and specifically blunt ROS formation. 28 -30 ROS formation may arguably be the most important of all immune parameters, potentially offsetting other neutral findings described at the cellular level, because the ability of cells to present antigen, produce cytokines, and contribute to phagocytosis ultimately culminate in a single process: intracellular killing via ROS, complemented by lysosomal enzyme killing. Conversely, the lethality of diseases such as Chediak-Higashi syndrome, characterized by remarkably effective phagocytosis but ineffective intracellular killing, represents the true clinical and functional importance of this early innate immune parameter. Although we did not study intracellular killing using dedicated killing assays, the ability to generate ROS is an alternative, potentially more relevant, parameter in the whole blood model, which is essential in the process of bacterial killing, and has been shown previously to correlate directly with intracellular killing. 20 Hyperoxia has also long been shown to possess microbicidal activity in several studies, dat- ing back to the 1970s, by enhancing bacterial clearance and killing. 31, 32 From a technical point of view, we used dihydrorhodamine 123 to detect ROS because it has been shown to detect all available intermediates more sensitively than other stains. It is considered by many to be the most sensitive technique available for accurately quantifying ROS formation and, with it, neutrophil oxidative killing potential. 27, 33 We have previously attempted to explain the clinical significance of cytokine production and benefit derived from attenuation of release of proinflammatory proteins such as TNF-␣. TNF-␣ is an important mediator of host defense, without which survival is severely compromised. It is thought to be an early proinflammatory cytokine to be released in a cascade of mediators and is released both locally and systemically. Its effects in the local circulation include an increase in vascular permeability, activation of lymphocytes (adaptive immune system), and reciprocal activation of macrophages, resulting in an enhancement of innate immune defense mechanisms. In the systemic circulation, TNF-␣ affects the hypothalamus to induce fever, the liver to produce acute-phase proteins, and the bone marrow to produce neutrophils, which are subsequently mobilized into the circulation.
Although TNF-␣ plays a major role in activation and enhancement of immune mechanisms, it has also been arguably linked to host tissue injury and multiorgan dysfunction from many disparate and disagreeing reports. Some evidence for this pathologic role began to emerge in 1985, when pretreatment with antiserum to TNF-␣ was shown to protect mice against endotoxin lethality in vivo. 34, 35 The concept did not, however, explain the repeated failure in reducing septic deaths when TNF-␣ blockade was used in human clinical trials. 36, 37 Van der Poll 38 later hypothesized that secretion of proinflammatory cytokines, such as TNF-␣, occur in relatively short-lived and rapid bursts immediately after the insult and were followed by prolonged "refractory" compensatory increases in antiinflammatory cytokines, most notably interleukin-10. They proposed that previous human trials had intercepted septic human subjects late in the antiinflammatory phase, thereby failing to demonstrate survival benefit from antagonizing TNF-␣. 39 Although proinflammatory cytokines exert important inflammatory effects required to eliminate infection, exaggerated or prolonged responses in the initial phases could be linked to higher morbidity and mortality rates. Similarly, the proportional degree of antiinflammation that would follow could blunt the body's inflammatory potential. In keeping with the proposed explanation, increased levels of interleukin-10 were subsequently shown to serve as a prognostic marker of impending mortality. 40 Our overall view remains that an integrated, sequential, and modulated release of both the proinflammatory and, later, antiinflammatory cytokines is more important than absolute values, and hence the need to perform time course analyses when attempting to elucidate the roles of these highly complex proteins and their even more complex and timely interactions.
In our in vitro model, which uses a 1 ng/ml lipopolysaccharide challenge to emulate the introduction of an intraoperative bacterial load, we were able to reproduce the shortlasting proinflammatory "burst" release at 80% O 2 , when compared with the a slower and delayed clearance at 20% O 2 . These findings correlated with our previous temperature studies, where 80% O 2 resembled the pattern of release and clearance seen by beneficial fever and 21% O 2 resembled more closely the pattern seen by detrimental hypothermia. 3 Although interleukin-10 results do not seem to be significantly influenced by oxygen, it is important to recognize that as a late cytokine responder, change in interleukin-10 levels would be unlikely in the relatively early stages of inflammation represented in this model. However, longer interventions would be difficult to elicit in fragile in vitro models, and work related to nucleic acid signaling would seem more appropriate there.
Monocyte HLA-DR antigen expression has been studied extensively in infection complicating surgery and trauma as an early prognostic indicator of outcome. 41 Despite the previous findings, however, our in vitro results show that oxygen has no effect on surface receptor expression, which, nonetheless, is a novel scientific finding in this clinical debate.
The results of this study are encouraging for the use of hyperoxia to aid in innate immune elimination of early bacterial contaminants during surgery and after trauma. Because several cellular mechanisms seem to be significantly enhanced by hyperoxia, use in human subjects to prevent SSI and septic sequelae remains a realistic possibility. However, the limitations in this study must be borne in mind when interpreting these encouraging findings and include the use of an in vitro model, where clinical significance of mathematically significant findings may not be truly known outside the internal human milieu. In addition, the study focus was on arterial oxygen concentrations rather than the much lower tissue oxygen values. The inspired oxygen concentrations used in this study resemble alveolar oxygen levels, and despite the detected positive differences, they would further benefit from the inclusion of lower oxygen concentrations (10 -15%) to emulate true arterial and tissue levels.
Problems in implementing and translating this research to the operating suite are thought to relate to the delivery of oxygen to the surgical site. Although the vascular supply may often be compromised at sites where oxygen is in greatest demand, an intact blood supply does not ensure appropriate delivery of supplemental oxygen either. Oxygen "sinks," which have been shown to exist both radially and longitudinally along the vascular system, are well described. 42 In addition, hypothermia, hypovolemia, mechanical pressure, or other augmentation to the sympathetic nervous system all represent possible conditions where severe decreased tissue oxygen levels and hypoxia may occur, regardless of either the inspired oxygen level or the arterial blood oxygen concentration. Therefore, we propose the idea that priming of innate immune cells by the very high partial pressures of oxygen in the proximal circulation, before arrival at the surgical site and before dissemination of oxygen during transit, may be an alternative mechanism.
Conclusion
Hyperoxia exerts significant effects on multiple, well-recognized, and previously tested cellular and immunologic parameters. Most importantly, the functional capacity of the innate immune response, reflected by an increase in potent killing ROS, is significantly increased by the provision of high oxygen concentrations in vitro. The ability to translate these positive basic scientific findings to the bedside requires the existence of similar innate immune processes in vivo and the efficient transfer of oxygen to the sites where it is needed most, such as the wound, or, perhaps, the more proximal circulation. Optimal and timely monitoring of oxygen to tissue is essential for effective clinical translation of the "hyperoxia hypothesis."
